The fine structure of cells infected with the HG 52 strain of herpes simplex virus type 2 and 13 temperature-sensitive mutants derived from it was investigated. In cells infected with the wild-type virus, development of virions appeared to be similar to that described in previous reports. However there were two exceptions to this: (I) capsid envelopment apparently occurred de novo in the nucleus; (2) densely staining vacuolar accumulations were seen, frequently surrounding virus capsids. The 13 temperature-sensitive mutants of the virus were divided into three classes according to the type of capsid, if any, produced in cells infected and maintained at the non-permissive temperature. Class I mutants produced no capsids, Class II mutants produced empty and partial-cored capsids and Class III mutants produced empty, partial-and dense-cored capsids. Cellular alterations were also determined. Membranous tubular structures, previously unreported for herpes simplex virus, were observed in cells infected with Class III mutants and very occasionally with wild-type virus at the non-permissive temperature. Cytoplasmic particles were also found, but could not be correlated with any particular class of mutant.
INTRODUCTION
The fine structure of herpes simplex virus-infected cells has been well studied (Reissig & Metnick, 1953; Morgan et al. I959; Nil et aL I968a) , but only recently has analysis by electron microscopy been carried out on cells infected with temperature-sensitive (is) mutants of the virus (Schaffer et al. 1974; Cabral & Schaffer, 1976) . This has shown that mutants in different complementation groups can be assigned to a limited number of classes on the basis of the presence and type of virions formed at the non-permissive temperature. In cells infected and maintained at the non-permissive temperature with ts mutants of herpes simplex virus type I (HSV-i), three classes of mutant were recognized (Schaffer et al. 1974) . Those in the first class failed to synthesize capsids, mutants in the second class synthesized only a few empty capsids, whereas those in the third class synthesized large numbers of empty capsids. Five of the six mutants in this last class also produced a few dense-cored nucleocapsids. With herpes simplex virus t)pe 2 (HSV-2) mutants and using a slightly different classification system, only two classes of mutant were recognized (Cabral & Schaffer, 1976) . Mutants in the first class, like those of HSV-I, produced no detectable nucleocapsids, whereas the second class of mutants produced moderate to large numbers of empty nucleocapsids. Dense-cored nucleocapsids were not observed in cells infected with mutants although they were always present in cells infected with wild-type (ts ÷) virus.
We report here an analysis of the ultrastructural changes induced in cells infected with thirteen ts mutants of HSV-2 which demonstrates three classes of defective morphogenesis in mutant-infected cells and in addition the formation of aberrant structures not previously reported with herpes simplex virus.
METHODS
Cell culture and medium. Baby hamster kidney 2I (BHK 2I) clone CI3 cells were grown in 8 oz bottles using Eagle's medium supplemented with Io % (v/v) calf serum and Io % (v/v) tryptose phosphate broth (ETC IO). Cells were also set up in parallel in tubes. Bottles were seeded with 6 × io 6 ceils and tubes with 2 x io ~ cells and incubated at 37 °C for 24 h.
Virus stocks. The HG 52 strain of herpes simplex virus type 2 (HSV-2) was used as the wild-type (ts +) virus. The ts mutants used in this study were derived from this ts + strain and their isolation and classification into 13 complementation groups has been previously described (Timbury, I97I; Halliburton & Timbury, I976) .
Infection of monolayers. The monolayers in bottles and tubes were inoculated with i ml (bottles) or o.I ml (tubes) of ts + or ts mutant virus suspension at a multiplicity of 5 plaqueforming units (p.f.u.) per cell and the virus allowed to adsorb for I h at 31 °C or 38 °C: in some specific experiments adsorption was carried out in all samples at 36 °C. Mockinfected monolayers were similarly treated except that phosphate buffered saline (PBS) with Io % (v/v) calf serum was added in lieu of virus: these monolayers were used in all experiments as a control. Monolayers were then washed three times with io % (v/v) calf serum in PBS before being incubated with 5 ml of fresh ETC Io for 24 h at either 3I °C or 38 °C (the permissive and non-permissive temperatures respectively). In two early experiments 34 °C was used as the permissive temperature.
Infectivity assay. For each experiment replicate cultures of BHK 2r ceils were set up in 4 × ½ in test tubes and were infected at the same multiplicity of infection and under the same conditions of incubation as the 8 oz bottles used for electron microscopy. The tube cultures were harvested and titrated, after sonication, at 3I °C on BHK 2I cells. This was to check that infection at 3~ °C was productive but was restricted at 38 °C under the conditions of the experiment.
Electron microscopy. After 24 h incubation the medium was poured off the cells which were then fixed with 2"5 % (v/v) glutaraldehyde in PBS. After 30 min the glutaraldehyde was poured off, the monolayer washed three times with PBS then scraped offthe bottle with a rubber policeman into I ml of buffer and pelleted by low speed centrifugation. The cell pellet was then post-fixed in 1% (w/v) osmium tetroxide in PBS for 30 min, given three further PBS washes and dehydrated by a series of increasing ethanol concentrations and finally propylene oxide. Cell pellets were infiltrated and embedded with araldite resin. Thin sections were cut with glass knives and stained for 30 rain with saturated uranyl acetate in 50% (v/v) ethanol, rinsed in distilled water and then stained for Io min with lead citrate (Reynolds, , 963) before being examined at 80 kV in a Siemens Ioi electron microscope. Each type of virus-infected as well as mock-infected cell was fixed, embedded and examined on at least three separate occasions.
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Electron microscopy of cells infected with wild-type virus and ts mutants at the permissive temperature
Cells infected with ts or wild-type virus at 31 °C were all of similar fine structural appearance. The nuclei of the cells contained particles with dense cores, partial cores and also empty cores: most of the particles had partial cores (Fig. I a) . Intranuclear dense particles often appeared enveloped when near but still separated from the nuclear membrane (Fig. I a  and b) . Budding of virus into the perinuclear space did not therefore appear to be responsible for envelopment. The production of nucleocapsids generally appeared to be localized within the nucleus, the sites of nucleocapsid assembly being characterized by the presence of numbers of nucleocapsids at all stages of development and also by the presence of small ring-shaped structures 25 to 35 nm in diam. (Fig. I a) . Similar ring-shaped structures have been recorded by Cabral & Schaffer (I976) for HSV-a infected cells. Arrays of microtubules, a characteristic feature of HSV-z infections (Schwartz & Roizman, I969) were prominent in the nucleus and to a lesser extent in the cytoplasm of many infected cells. Other nuclear alterations observed were marginated chromatin and duplication and thickening of the nuclear membrane.
Unlike the virus particles seen in the nucleus, those in the cytoplasm were predominantly dense-cored. Cytoplasmic particles accumulated within vacuoles where they became surrounded by dense material within a limiting membrane. The dense material in the vacuoles also appeared to become enveloped, even in the absence of virus capsids (Fig. 2a) . The resulting vesicles -only some of which contained herpes virions -were seen in cytoplasmic vacuoles ( Fig. 1 b) , around the outside of the cell membrane ( Fig. 2C ) and amongst cell debris (Fig. 2b) .
Electron microscopy of cells infected with wild-type virus at the non-permissive temperature
The growth of ts + virus at 38 °C differed in two ways from its growth at 3I °C. Although the characteristic aggregations of virus particles and small ring-like structures were again observed, enveloped virus particles were only occasionally seen in the nucleus (Fig. 3 ). As at 3 r °C, the enveloped particles were not observed budding through the nuclear membrane. In addition, the few mature virus particles observed showed less strikingly dense cores than similar particles found at 3I °C (Fig. 3)- The distribution of cytoplasmic virus particles also differed from that at 3I °C. Unenveloped virus particles were more often found lying freely in the cytoplasm and were less common within vacuoles ( Fig. 4a and b) . Particles surrounded by dense material and a limiting membrane were found around the outside of the cells, although their origin by budding through the cell membrane could not be demonstrated (Fig. 4b) . Many of the cells were lysed and similarly enveloped particles were found amongst the cellular debris.
Titration of the yields from cells in test tubes, infected in parallel with the cultures in bottles used for electron microscopy, showed that the yield of ts + virus at 38 °C was, on average, 0"5 loglo p.f.u./ml lower than at 3I °C. Cells infected with ts mutants showed an average reduction in yield at 38 °C of 1"7 log10 p.f.u./ml compared to 3I °C. 
Electron microscopy of cells infected with ts mutants at the non-permissive temperature
U l t r a t h i n sections of cells maintained at 38 °C after infection with ts + virus or each of 13 ts mutants were examined and at least 5o cell profiles, chosen at random, were scored for various fine structural characters -especially the type of capsid produced. The results are shown in Fig. 5 (a to h). As can be seen, in most experiments, at least a few cells were positive for each character scored, either because it was present at an extremely low level within most 
* Degree of alteration in cells: -= absent; + = present in small numbers; + = present in moderate numbers; + + = present in large numbers.
t Dense capsids were seen occasionally with mutants 6 and 8 and are shown in Fig. 9b ; however, they are not regarded as typical of the Class. cells or because it was demonstrable in larger amounts in a few individual cells. However, in Table i only the characteristics found in reasonable quantities in the majority of cells are recorded.
The mutants could be classified into three groups using the criterion of the type of capsid (if any) produced. Cells infected with Class I mutants produced no capsid structures, Class II mutants produced empty and partial-cored capsids and Class III produced empty, partial-and dense-cored capsids. The three types of capsids observed are illustrated in Table i which also summarizes the main defects in morphogenesis associated with each class of mutant.
The three types of capsid were chosen because they were easily and unambiguously recognizable and correspond to the types of capsid which are found in ts+-infected cells (Fig. 4a) 
Class I mutants
Mutants in Class I (ts 2, 7, 9, Io, I2) are DNA negative with the exception of ts I2 which makes reduced amounts of DNA at 38 °C (Halliburton & Timbmy, I976) . Although no virus-like particles were produced by these mutants (Fig. 5 a, b; Fig. 6a ) the cells showed signs of infection. Thus, nuclei showed marginated chromatin and the nuclear matrix, which was granular in ts + infections, appeared flocculent. In addition, osmiophilic inclusion bodies of similar electron density to marginated chromatin, lay scattered in the nuclear matrix. Membrane-bound organelles in the cytoplasm were indistinct or absent (Fig. 6a) .
Class II mutants
This class includes ts I, 6, 8 (DNA negative) and ts 13 (which makes reduced amounts of DNA at 38 °C). The empty and partial cored capsids produced by this class of mutants were found only in the nucleus (Fig. 6 b) . Nuclei of infected cells possessed similar characteristics to cells infected with Class I mutants but, in general, microtubules were far more frequent in the nucleus (Fig. 5 d) . Dense vacuolar accumulations, absent in Class I infected cells, appeared in restricted amounts in the cytoplasm of cells infected with Class II mutants (Fig. 5f, 6b) .
Class III mutants
Class III mutants (ts 3, 4, 5 and r I) are DNA positive with the exception of ts I t which fails to make DNA at 38 °C. The development of this class of mutant was little affected at 38 °C. The capsids produced were empty, partial-and dense-cored (Fig. 5a, b) although like ts + virus at 38 °C, the mature 'dense' capsids were less dense than at 3I °C. The main difference between Class III mutants and ts + virus was that all the capsids produced by Class III mutants were restricted to the nuclei of infected cells and that no enveloped dense capsids were seen either within the nucleus or in the cytoplasmic vacuoles (Fig. 7a) .
Effect on ts mutant development of absorption at 36 °C If, instead of infecting and maintaining cultures at 38 °C for 24 h. virus was absorbed to cells at 36 °C for I h before incubation at 38 °C, a small number of cells infected with Class I mutants of HSV-2 (never more than Io %) showed evidence of virus capsid production in the nucleus. This was most marked with ts 7, 9, Io and I2 -cells infected with ts 2 rarely showed evidence of capsid production. The effect of incubation for I h at this intermediate temperature did not fully overcome the ts lesion since, although a small proportion of cells showed some evidence of capsid production, the capsids were either empty or only partially cored and thus resembled those produced by Class II mutant-infected cells. However, the disturbed appearance of both nucleoplasm and cytoplasm and lack of definition of membrane-bound organelles in the cytoplasm (Fig. 6 e) , characteristic of Class I mutants grown under fully non-permissive conditions, remained.
In contrast to cells infected by Class I mutants, the fine structural changes and type of capsid produced by cells infected with both Class II and Class III mutants was unaffected by incubation for I h at 36 °C.
Formation of aberrant structures in mutant-infected cells
A proportion of cells infected with wild-type (ts +) or Class III mutants at 38 °C contained unusual membranous tubular structures in their nuclei. These were seen more consistently and in greatest numbers in cells infected with ts 4. Up to 4o % of cells infected with ts 4 showed these structures, compared to only I o to 2o % of cells infected with ts +, ts 5 or ts I t (Fig. 5g, h ). Cells infected with ts 3 only rarely showed these structures (Fig. 7a) and they are therefore recorded as negative in Table I . Tubules of such appearance have not previously been described in cells infected with either ts + or ts mutant herpes simplex virus. 
Structure of membraneous tubular inclusions
T h e t u b u l a r n a t u r e o f t h e i n t r a n u c l e a r i n c l u s i o n s w a s seen w h e n cells were s e c t i o n e d t r a n sversely (Fig. 7a) , a l t h o u g h t h e i n c l u s i o n s s o m e t i m e s failed to f o r m c o m p l e t e t u b u l e s a n d , as a r e s u l t a p p e a r e d in c r o s s -s e c t i o n like spirals (Fig. 7 b) . L o n g i t u d i n a l l y , t h e s t r u c t u r e s sometimes stretched across the nucleus often reaching a length of 3/*m or more and abutting the nuclear membrane at either end. The tubules measured approximately i4o nm in diam., and consisted of an electron-dense outer ' m e m b r a n e ' 9 nm wide surrounding a 7 nm wide electron opaque region, inside which was a series of rings (or a continuous spiral) 30 n m in diam., circling the I25 nm bore of the tubules. Depending on the plane of section, the rings appeared either as rows of tooth-like projections about 20 nm apart, or as bands traversing the tubules (Fig. 7 d) , so that the structures bore a resemblance to tractor tracks. Tubular structures of smaller diam. which lacked the bands of thickening were often closely associated with larger tubules and in certain planes of sectioning seemed to merge into them (Fig. 7d) . The smaller tubules were about 60 nm in diam. and comprised an outer ' m e m b r a n e ' and neighbouring opaque space, enclosing an electron-dense core o f about 30 nm (Fig. 7e) . When viewed in transverse section, these tubules were sometimes larger (up to 12o n m in diam.) and were thus similar in size to, and difficult to distinguish from, developing nucleocapsids (Fig. 7 c) .
The similar construction o f the two types o f tubule, the range of tubules o f intermediate size, and the merging o f the one type with the other, suggest that they have ~ c o m m o n molecular basis.
Cytoplasmic particles
Another feature of mutant-infected cells grown at 38 °C which could not readily be correlated with a class of mutant was the presence of cytoplasmic particles which, although viIuslike were not herpes particles and were found in up to I o % of infected cell profiles. These particles were found with two DNA-negative Class II mutants (ts I and ts 6) and one D N A -
Electron microscopy of HSV-e ts mutants I 15
negative Class 11I mutant (ts I I) but were not seen in cells infected with any Class I mutant. However, if virus was allowed to absorb for I h at 36 °C before incubation at 38 °C then one Class I mutant (ts 2) produced these cytoplasmic particles in about 5 % of cells. The particles were about 75 nm in diam. and of a trilarnellar construction. They consisted of an outside wall IO nm thick surrounding an electron-dense layer IO nm in diam. and an inner 55 nm wide core (Fig. 8 a) . Aggregations of up to 2o of these particles were found in the cytoplasm but did not appear to be associated with any particular organelle (Fig. 8b) . They were never seen either inside or closely associated with the nucleus and no evidence of earlier stages in their formation was found. Furthermore, they were never observed passing through the host cell plasmalemma and out of the cell.
DISCUSSION
The development of wild-type and mutant virus observed at 3I °C was broadly similar to that described by other workers (Nil, t97t a, b; Nil et al. [968a, b; Smith & De Harven, I973) . But there were two exceptions, namely, the presence of densely staining material in cytoplasmic vacuoles and the process of envelopment of the virions. The dense staining material appears to correspond to that described as tegument by Roizman & Furlong (I 974 ), but has not previously been reported within a limiting membrane in the absence ofa capsid, However, it may be similar to the so-called cytoplasmic dense bodies produced by several herpesviruses (Luse & Smith, 1958; McGavran & Smith, I965; Cook & Stevens, I968; Nil, 1973; Nil & Yasuda, ~ 976) . These include cytomegalovirus in which the dense bodks contain proteins and glycoproteins found in enveloped virions (Fiala et al. I976; Stinski, I976) . The dense staining material described here-which must be classed as tegument protein because of its location between capsid and envelope -was found both in extracellular virions and in cytoplasmic vacuoles enveloped either by itself or enclosing a capsid. If dense bodies are indeed cytoplasmic accumulations of tegument protein, then herpesviruses vary widely in their ability to form them. Thus with Marek's disease (Nazerian & Witter, I97O) and tree shrew herpes virus (McCombs et al. 1970 the tegument protein is largely capsidassociated in location whereas with cytomegalovirus it is mainly non-capsid associated. The HSV-2 virus investigated here is between these two extremes.
The second difference in the development of the wild-type strain used here was in the process of envelopment. It has been widely accepted (Darlington & Moss, 1969; Roizman & Furlong, t974; Morgan et al. i976; O'Callaghan & Randall, [976) that herpesviruses become enveloped by passing through the nuclear membrane. Evidence for this was never observed in the present study. Our results agree with the findings of Heine et al. (I97I) who found that Herpes saimiri acquired its envelope de novo in the nucleus by the formation of a membrane around dense-cored particles. A similar situation was observed here, enveloped particles being regularly encountered in the nucleus, close to, but not at, the nuclear membrane. Since there is no doubt that herpesviruses usually do acquire an envelope by budding through the inner nuclear membrane, the differences reported here and by Heine et al. (197I) can most easily be explained as a characteristic of the strains of virus or possibly of the cell type used.
Before analysing the effect of the temperature-sensitive lesions of the I3 mutants on their development at the non-permissive temperature, the effect of this temperature on the development of wild-type virus must be considered. Although most stages in capsid production were observed in the nucleus at 38 °C, the electron density of the so-called 'densecored' capsids was lower, and very few enveloped capsids were found either within the nucleus or in the cytoplasm. However, the yield of wild-type virus growth at 38 °C was, on average, 0"5 log10 lower than that of the same virus grown at 3 ~ °C. Although the processes of replication function adequately at 38 °C, they appear to be less efficient than at the lower temperature. This may be a peculiarity of the particular wild-type strain and cell system used here: in the only two comparable studies of HSV-infected cells maintained at a temperature non-permissive for ts mutants, there was no drop in titre with either the HSV-I (KOS strain) or HSV-2 086 strain) wild-type viruses (Schaffer et al. I974; Cabral & Schaffer, I976) .
Despite the observed effect of temperature on the wild-type strain HG 52, three classes of mutant can be distinguished at 38 °C on the basis of (I) failure to synthesize capsids, (2) synthesis of empty and partial-cored capsids and (3) synthesis of empty, partial and densecored capsids but wholly restricted to the nucleus. Thus, there seem to be three ultrastructurally recognizable stages at which herpesvirus morphogenesis can be arrested by the ts mutations thus far screened, the first of which operates at or before capsid assembly. Mutants with this defect (the Class A mutants of Cabral & Schaffer, J976 , and the Class I mutants of this study) produce no capsids. Those mutants which can produce ultrastructurally recognizable capsids at the non-permissive temperature fall into two types -those which produce empty and partial cored capsids only and those which also produce densecored capsids. Those in the former group are the Class II mutants described here and correspond to the Class B mutants of Cabral & Schaffer (1976) . The last group comprises our Class III mutants.
Since the classifications used here differed in some respects from the two previous studies on the fine structure of cells infected with ts mutants of HSV, the results were not always comparable. However, a class of mutant which failed to make capsids at the non-permissive temperature was recognized in all three studies. This defect was not associated with the ability of the mutant to synthesize DNA, since it was found in cells infected with both DNA positive and negative mutants. Furthermore, DNA synthesis is not necessary for the production of partial-cored capsids, because these were produced by DNA negative Class II mutants. This agrees with the results of studies using inhibitors of DNA synthesis such as hydroxyurea in herpesvirus-infected cells in which partial-cored, but not dense-cored capsids were produced (Nii et al. 1968 b; Friedmann et al. 1975) . Similarly there are reports of ts mutants of both HSV-I and 2 which are phenotypically DNA-negative but produce partial-cored capsids in infected cells (Schaffer et al. 1974; Cabral & Schaffer, 1976; D. Dargan & J. H. Subak-Sharpe, unpublished data) .
DNA synthesis, however, appeared to be necessary for the synthesis of dense-cored capsids. These were formed by the Class III mutants, which, with the exception of ts 1 I, produce DNA either in normal or reduced amounts (Halliburton & Timbury, I973, I976) . This class of mutant was not described for HSV-2 by Cabral & Schaffer (I976) who reported that none of the HSV-2 ts mutants they investigated produced dense-cored capsids although these had been found in cells infected with some ts mutants of HSV-I (Schaffer et al. ~974 ). An additional feature of this class of mutants which has not so far been reported in HSV infected cells, was the presence of unusual tubular intranuclear inclusions in up to 4o % of cell profiles examined. The larger diameter tubule, which was also occasionally produced in cells infected with wild-type virus at the non-permissive temperature, has previously only been reported in monkey kidney cells infected with Herpes saimiri (Morgan et The nature and significance of the tubular inclusions are unknown. Morgan et al. (I973) speculated that the nuclear tubules-which are similar to those observed here and which they found in cells infected with Herpes saimiri -might be a feature of herpesviruses which are also oncogenic. However, in a recent paper, Banfield et al. (1977) interpreted such structures as a particular form of lamella -particle complexes which are also seen in certain human leukaemic cells. They postulated that the complexes might be accumulations of virus structural protein and nucleic acid and their presence in human leukaemic cells as evidence of an association with viruses. HG 52 (the wild-type virus used in our studies), although not associated with leukaemias, certainly has in vitro ability to transform rodent embryo cells (Macnab, r974) . Transformation has so far only been demonstrated with ts I, 3, 4, 5 and 7; thus it does not completely correlate with production of tubules which has been found only with ts 3, 4, 5 and 11 as well as ts + virus.
The significance of the cytoplasmic particles occasionally observed in cells infected with ts 1, a, 6 and 11 is also unclear. Similar particles have also been recorded in cells infected with ts mutants of HSV-I where again they were found in cells infected with both DNApositive and negative mutants (Dargan & Subak-Sharpe, I977). They may be an aberrant form of the herpes virion but their strictly cytoplasmic location does not support this hypothesis. It is also unlikely that they represent partially disassembled input virus since no virus particles could be detected in cells fixed and embedded z h post-infection. The possibility remains that such particles represent an unknown endogenous virus of the cell line used which becomes induced by these particular mutants. Experiments are in progress to investigate the nature of these particles.
H. S. Marsden (unpublished observations) has found that the HSV-2 ts mutants used here which are DNA-negative show multiple defects in synthesis of polypeptides at 38 °C, DNA-positive mutants have polypeptide profiles similar to that of wild-type virus with the exception of ts 3 and ts I2 which also show multiple defects.
The biochemical data are in broad general agreement with the observations on capsid production described here although there are some anomalies -for example, ts 3 is DNApositive but has several polypeptide defects yet it is a Class III mutant and makes capsids at 38 °C. In the same class, ts I I is DNA-negative and the appearance of dense-cored capsids (presumably enclosing DNA) at the non-permissive temperature, is unexpected. One possible explanation may be that input DNA molecules perhaps derived from non-infectious particles particles became encapsidated. It should be noted that ts 6 and ts 8 both of which are DNA-negative mutants in Class II also occasionally produce dense-cored capsids at 38 °C (Fig. 5 b) . Another anomaly is seen with ts 12 which is DNA-positive with multiple polypeptide defects but is a Class I mutant which fails to produce capsids at the non-permissive temperature. As it is markedly thermolabile an altered structural polypeptide is probably associated with the ts mutation. This defect might also either prevent formation of capsids or cause their breakdown at 38 °C.
The HSV-2 ts mutants described in this study exhibit a variety of defects in morphogenesis. These do not correlate completely with DNA phenotype and polypeptide profile at 38 °C although there is a general tendency for DNA-negative mutants to show more defects than DNA-positive mutants in both morphogenesis and polypeptide synthesis. Further study of the development of ts mutants by electron microscopy coupled with identification of their biochemical defects should lead to a better insight into the relationship between the physical structure and molecular biology of herpes simplex virus.
